Abstract. Pulmonary metastasectomy (PM) is associated with improved survival of patients with metastatic osteosarcoma; however, the factors affecting survival following achievement of complete surgical remission remain controversial. The main objective of this study was to report the outcomes and prognostic factors of osteosarcoma patients who achieved complete remission (CR) following PM. We analyzed the effect of demographic and disease-related characteristics on the overall survival (OS) of consecutive patients with metastatic osteosarcoma who were treated at a single institution and achieved CR following PM, through univariate and multivariate analyses. Between January, 2000 and August, 2013, 62 patients with metastatic osteosarcoma were treated and followed up at our institution. A total of 25 patients achieved CR following PM and were included in this analysis. The 5-year OS and disease-free survival following PM were 30 and 21%, respectively. The factors correlated with inferior OS in the univariate analysis included chondroblastic subtype, post-chemotherapy necrosis <90% in the primary tumor, metastasis detected during neoadjuvant or adjuvant chemotherapy and pathological identification of tumor cells reaching the visceral pleural surface of any of the resected nodules. In the multivariate analysis, the chondroblastic subtype was the sole independent adverse prognostic factor (HR=4.6, 95% CI: 1.0-21.3, P=0.044). Therefore, factors associated with tumor biology, including poor tumor necrosis in the primary tumor and detection of metastasis during primary chemotherapy, are associated with poor post-metastasectomy survival. In addition, chondroblastic subtype and visceral pleural involvement predicted poor prognosis in our series.
Introduction
Pulmonary metastasectomy (PM) is currently the standard therapy for metastatic osteosarcoma. The evidence supporting the benefit from this surgical intervention is based on retrospective data reporting encouraging 5-year overall survival (OS) rates of 20-40% and the possibility of cure with this surgical approach. By contrast, death almost always ensues when such patients are treated with systemic chemotherapy alone (1) (2) (3) (4) (5) .
In the absence of randomized data, retrospective studies have been mainly focused on the analysis of prognostic factors in an attempt to identify selection criteria for the optimal operative candidates (1) (2) (3) (4) (5) . However, there remains controversy regarding the optimal population that are candidates for PM. Therefore, we performed this retrospective study to investigate factors that may predict long-term survival in our patient population. As PM is aimed at complete resection of the metastases, we aimed to investigate factors associated with survival in a population achieving complete remission (CR) following surgery.
Materials and methods

Eligible patients and data extraction. Following acquisition of
Institutional Review Board approval, we reviewed the medical records of patients with osteosarcoma to identify patients who had undergone PM between January, 2000 and August, 2013 at King Hussein Cancer Center, Amman, Jordan. Patients with gross residual disease following PM (i.e., patients who did not achieve complete surgical remission) were excluded.
The following data were extracted from medical records and filled on data collection sheets: Age at detection of pulmonary metastasis, gender, histological osteosarcoma subtype, mode of pulmonary metastasis (at presentation or at recurrence), timing of pulmonary metastasis (at diagnosis, during neoadjuvant or adjuvant chemotherapy, or following completion of chemotherapy) and the relapse-free interval (RFI), defined as the interval from the resection of the primary tumor until detection of lung metastasis. The RFI was considered to be 0 for patients who presented with primary metastatic disease at initial diagnosis.
In addition, we extracted data on the characteristics of metastatic nodules, therapeutic details, including any perioperative chemotherapy, sites of recurrence and data on repeated PM.
The common practice at our institution is to initiate multi-agent chemotherapy, including cisplatin and doxorubicin or ifosfamide-containing regimens, prior to PM and to continue such therapy in the adjuvant setting following surgery.
Definitions. We defined resectability as the ability to remove all metastatic nodules without gross residual disease according to the thoracic surgeons' assessment at our institution; this definition also requires a controlled/controllable primary tumor and absence of extrapulmonary metastatic sites at the time of assessment.
We defined CR as absence of any evidence of gross residual disease following PM, irrespective of the status of the microscopic resection margins.
Additionally, we defined OS as the interval from the resection of lung metastasis until the last follow-up or death and disease-free survival (DFS) as the time period following resection of pulmonary metastases during which a patient remained alive with no signs of disease.
Statistical analysis. The Kaplan-Meier survival analysis was applied to assess survival. Demographic and disease-related factors were evaluated with the log-rank test for possible effect on OS; comparisons with P<0.05 were considered to be statistically significant. A multivariate analysis using the backward stepwise Cox regression model was performed on statistically significant variables identified in the univariate analysis. All the statistical analyses were performed using SPSS software, version 16 (SPSS Inc, Chicago, IL, USA).
Results
Patient characteristics.
Between January, 2000 and August, 2013, 135 patients with osteosarcoma of the extremity were treated and followed up at our institution. A total of 62 patients had pulmonary metastasis, either at initial presentation or at recurrence. Of the patients with pulmonary metastasis, 28 underwent PM; 3 of those patients had gross residual disease following surgery and were excluded (2 with residual unresectable chest wall and pleural metastasis and 1 due to refusal of a planned above-knee amputation to treat the primary tumor). The 25 patients who were free of gross residual disease following PM were included in this analysis (5 patients with metastasis at diagnosis and 20 patients with metastasis at the time of relapse).
The sites of the primary tumors were the femur in 14 cases, the tibia in 7 cases and the humerous in 4 cases. Data on pathological necrosis of the primary tumor were available for 23 of the patients, of whom 6 had necrosis ≥90% and 17 had necrosis <90%.
The median RFI for patients who presented with metastasis at relapse was 17.6 months (range, 4.5-63 months).
In the 5 patients with metastasis at diagnosis, the primary tumor and the pulmonary metastases were completely resected in staged procedures following chemotherapy, which was initiated in a neoadjuvant setting and continued as adjuvant therapy following surgery; all the patients underwent resection of the primary tumor prior to PM. In the 20 patients with metastasis at relapse, locoregional recurrences were observed in 4 patients and were completely resected prior to PM. Of the 20 patients with metastasis at relapse, 15 received perioperative chemotherapy.
A total of 14 patients had unilateral pulmonary metastatic disease, whereas 11 underwent resection of bilateral metastatic pulmonary nodules through staged thoracotomies. As regards the number of surgeries, the staged thoracotomy for bilateral pulmonary nodules was considered as one PM surgery.
A total of 10 patients underwent resection of solitary metastatic nodules, 6 patients underwent resection of 2-5 nodules and 7 patients underwent resection of >5 nodules (range, 6-21 nodules) during the first PM. A total of 8 patients required repeated PM (range, 2-3 metastasectomies). Apart from 1 patient who required a lobectomy, all the other patients underwent resection of the pulmonary nodules through wedge resections during the first PM. In 5 patients, at least one of the nodules was resected with a positive margin (R1 resection) in the first PM. Furthermore, 5 patients had detectable tumor cells reaching the visceral pleural surface in at least one of the resected nodules detected at pathological examination of the resected specimen. There was no reported mortality within 1 month of the first PM.
Recurrence and survival outcomes. Following PM, 8 patients remained free of disease and 17 had documented recurrences at a mean interval of 8.7 months (range, 3-35 months) following the first PM. The first recurrence was limited to the lungs in 11 patients, 8 of whom had repeated PMs, as mentioned above. The remaining 6 patients had lung recurrence in addition to at least one extrapulmonary site as their first presentation of recurrent disease; bone metastasis occurred in 4 of those patients. None of the patients had extrapulmonary metastasis without lung recurrence. The 5-year RFS for the entire cohort was 21%.
The median follow-up for the patients following PM was 25 months (range, 2-62 months). At the time of this analysis, 15 patients had succumbed to the disease, whereas none of the patients had died from other causes. The OS rate was 30% at 5 years (median survival time, 25 months).
The results of the univariate analysis for the effect of factors of interest on OS are summarized in Table Ⅰ. Patients with the chondroblastic subtype exhibited inferior OS compared to patients with other histological subtypes, with a 5-year OS of 13 and 37%, respectively (P=0.014; Fig. 1 ). The degree of pathological necrosis in the primary tumor following neoadjuvant chemotherapy also exerted a significant effect on OS, with a 5-year OS of 8 and 69% for tumor necrosis of <90 and ≥90%, respectively (P=0.011; Fig. 2) .
Although the RFI did not affect OS, we observed a significant association between the timing of detection of metastasis in relation to chemotherapy and survival. Patients with metastasis detected during neoadjuvant or adjuvant chemotherapy fared significantly worse compared to patients whose metastases were detected at initial diagnosis or following completion of chemotherapy; the 5-year OS rate for the latter group was 33%, whereas patients with metastasis detected during neoadjuvant or adjuvant chemotherapy exhibited a 1-year OS of 0% (P<0.0001; Fig. 3) .
Based on our analysis, patients with positive resection margins in any of the resected nodules did not have statistically significant differences in OS compared to patients with nega-tive resection margins, although there was a non-significant tendency towards an inferior OS for patients with positive margins. However, the detection of malignant cells at the visceral pleural surface of any of the resected pulmonary nodules was correlated with inferior survival; the 3-year OS rate was 0% for patients with visceral pleural involvement and the 5-year OS rate was 39% for patients with no visceral pleural involvement (P=0.007; Fig. 4) .
In the multivariate analysis, the chondroblastic subtype was the sole independent prognostic factor (P=0.044), whereas the effect of metastasis detected during chemotherapy on survival approached statistical significance (P=0.051; Table Ⅱ). Finally, we assessed the effect of a number of prognostic factors that we identified in the univariate analysis on OS outcomes and observed significant differences in survival between three groups of patients: The median OS for patients with 0-1 risk factors, patients with 2 risk factors and patients with ≥3 risk factors was unreached, 23.2 months and 12.0 months, respectively (P<0.0001; data not shown).
Discussion
Approximately 30-40% of patients with initially non-metastatic osteosarcoma eventually develop lung metastasis (6) (7) (8) and almost half of these relapses become evident within 18 months of continuation of chemotherapy (9, 10) . Furthermore, 10-20% of osteosarcoma patients present with metastatic disease at initial diagnosis (11, 12) .
An important characteristic of metastasis in osteosarcoma that makes PM an attractive therapeutic option is the propensity for isolated pulmonary metastasis, which is the most common pattern of systemic recurrence, contributing to 65-80% of relapses (10, 13) . Furthermore, isolated pulmonary metastasis is the most common pattern of metastasis in patients with primary metastatic disease (12) .
The prognostic factors for survival following PM in osteosarcoma are controversial; therefore, the selection of optimal candidates for this type of surgery is a subject under debate. Although the achievement of CR is the most consistently identified prognostic factor (1, 10, (12) (13) (14) (15) (16) , contradicting data have been reported regarding the significance of the other factors.
Data from literature have been inconsistent regarding the effect of the number of pulmonary nodules on post-metastasectomy survival. Certain studies suggested that the number of nodules adds prognostic information (1, 5, 7, 8, 17) , whereas other studies failed to confirm a significant association between the number of nodules and survival (18, 19) . In our study, we did not identify any prognostic correlation between the number of resected nodules and survival, suggesting that, when all the nodules are completely resected, their number loses its significance as a prognostic factor.
There is evidence in the literature that the timing of pulmonary metastasis is associated with prognosis. Certain studies demonstrated that the time interval from the resection of the primary tumor until the detection of pulmonary metastasis affects survival (8, 19) , whereas other studies suggested that the timing in relation to chemotherapy is significant in terms of prognosis (1, 2) . In our study, we did not identify any correlation between the RFI and survival. Furthermore, we did not observe any difference in survival between patients with metastasis at diagnosis and those with metastasis at recurrence; however, patients whose metastases were detected during treatment with neoadjuvant or adjuvant chemotherapy fared significantly worse following PM compared to those whose metastases were detected at initial diagnosis or following completion of chemotherapy. Similar to our data, other studies demonstrated that the timing of metastasis in relation to chemotherapy correlates with survival (1, 2) .
Progression on adjuvant chemotherapy may be a confounding factor that leads to an apparent correlation between RFI of <1 year and OS in certain studies. It may be hypothesized that the subgroup of patients who relapsed within 1 year of definitive therapy of the primary tumor includes a proportion of patients who developed disease progression during adjuvant chemotherapy and, as such, the survival of the entire subgroup may appear worse, as it includes a subpopulation of patients whose disease is refractory to chemotherapy.
Consistent with our data, Harting et al demonstrated a correlation between the degree of necrosis in the primary tumor following neoadjuvant chemotherapy and post-metastasectomy survival (19) . It was demonstrated that the extent of necrosis in the primary tumor was also correlated with the survival of patients who did not achieve surgical remission (12) . By contrast, certain studies failed to identify any correlation between post-metastasectomy survival and the extent of necrosis in the primary tumor (20) or in the resected pulmonary metastases (7).
There is currently paucity of data in the literature regarding the effect of histological subtype on survival following PM in osteosarcoma, as the majority of the studies do not include this factor in their analysis. To the best of our knowledge, our study is the first to suggest an association between the chondroblastic subtype and survival following PM. In addition, the prognostic effect of pathological identification of visceral pleural involvement in any of the resected nodules on patient survival has not been previously reported for patients with metastatic osteosarcoma. However, until additional confirmation of these prognostic factors in further large-scale studies, the effect of those factors on survival must be interpreted with caution due to the limited number of patients in our series.
The contribution of perioperative chemotherapy to the improved survival of patients with metastatic osteosarcoma who achieved CR following surgery remains unclear. Although there have been data demonstrating that chemotherapy is associated with improved survival in patients with relapsed osteosarcoma who have unresectable metastatic disease, several studies reported that administering chemotherapy does not result in an additional improvement in the survival of patients with metastatic ostrosarcoma who achieve complete surgical remission (13, 15) . However, a subanalysis on the effect of perioperative chemotherapy on the survival of patients who achieved complete surgical remission demonstrated a survival advantage for the subgroup with >3 lung nodules (15) . Therefore, some investigators suggest withholding perioperative chemotherapy in patients with disease characteristics suggesting less aggressive tumor biology, such as patients with solitary nodules and prolonged RFI.
The main limitations to our study were the small sample size, rendering any exploratory subanalysis infeasible, the retrospective design and our inability to report quality of life for the included patients. In addition, the respiratory status following PM was not addressed in the present study, which is a consistent limitation among all studies according to a recent systematic review (21) . However, despite these limitations, our study may provide additional information on the current outcomes following PM in osteosarcoma, given the fact that all of our patients were treated recently and in a setting of multimodality therapy and, as such, may be more relevant to the current clinical practice. In addition, our study suggested that chondroblastic histological subtype and visceral pleural involvement of the resected nodules may add important prognostic information; however, additional confirmation of those two identified prognostic factors is required by future studies.
In conclusion, PM is associated with long-term survival and the possibility of cure for patients with pulmonary metastatic osteosarcoma. Factors associated with less favorable tumor biology, including poor necrosis in the primary tumor, detection of metastasis during primary chemotherapy and chondroblastic subtype predicted poor prognosis. In addition, pathological identification of visceral pleural involvement in any of the resected pulmonary nodules also predicted poor survival in our series.
